Objective: To determine the impact of cerebellar hemorrhage (CH) on mortality and adverse neurodevelopmental (ND) outcome rates in extremely preterm infants admitted to a tertiary neonatal unit.
Introduction
With the increased survival of extremely preterm infants (<28 weeks of gestation), 1 uncertainty about their neurodevelopmental (ND) outcome has become of paramount concern. Along with intraventricular hemorrhage (IVH), cerebellar hemorrhage (CH) may represent a major risk factor for ND problems in these preterm infants. Disruptive cerebellar injury occurs at a rate of 9% in infants weighing <750 g at birth, 2 and may lead to various undesired outcomes. For instance, Johnsen et al. 3 found cerebellar injury on brain magnetic resonance images (MRIs) in 64% of children who were born with extremely low birth weight and who had cerebral palsy (CP). In addition, Limperopoulos and colleagues 4 reported higher rates of mortality, and motor and non-motor disabilities in preterm infants who developed isolated CH. In our unit, the increased survival of extremely preterm infants over time was associated with a parallel decrease in CP and motor impairment rates, yet no similar decline in mental impairment was observed. 5 Although the motor functions of the cerebellum are well known, 6 its importance in cognitive development remains uncertain. 7 Yet, if the cerebellum is indeed essential in cognitive function, injuries such as CH could account for the persistent abnormalities in mental development seen in preterm survivors. In order to determine the impact of CH on mortality and ND outcome, we analyzed data from a cohort of preterm infants <28 weeks of gestational age (GA), admitted to our regional intensive care nursery center over an 11-year period.
Methods
This retrospective data analysis was approved by the Institutional Review Board at the University of South Alabama.
Preterm infants (GA from 22 0/7 to 27 6/7) were included if they were born from January 1998 through December 2008, and were cared for at the tertiary regional neonatal intensive care unit (NICU) at Children's and Women's Hospital of South Alabama (n ¼ 1199). We excluded infants with multiple congenital malformations (n ¼ 17) and infants who were not assessed by a cranial sonogram because of early demise (n ¼ 62).
Data collection
For the past two decades, the same two neonatal nurses collected and maintained maternal and infant data in an electronic medical database for NICU patients. ND data were collected from developmental and behavioral clinic medical charts.
Sonographic data
Cranial sonograms were routinely performed on day 2 to 4, day 7 to 10, day 42, at 36 weeks' postmenstrual age and as needed in critically ill patients. All infants in the study thus had at least four cranial ultrasounds with the exception of infants who died during their NICU stay before attaining 36 weeks' postmenstrual age. The same pediatric neurologist interpreted all sonograms during the study period. Images were obtained through the anterior and posterior fontanels 8 in all infants, while additional views through the mastoid 9 were used after April 2004. All examinations were performed with a real time sector scanner using a 5 to 10 MHz transducer (Philips SONOS 5500, Andover, MA, USA). Cranial sonograms of infants with CH were reanalyzed by the pediatric neurologist and a neonatologist in order to confirm and identify the topography of the hemorrhage. If only the cerebellar hemispheres were involved, we classified the hemorrhage(s) as 'CH hemisphere only'. Any hemorrhage that involved the medial cerebellum was classified 'CH with vermis', regardless of the extent of involvement of the hemispheres.
NICU data
The grading of IVH was based on Papile's criteria. 10 Supratentorial parenchymal injury was defined by the presence of one of the following ultrasound findings: grade III or IV IVH, cystic periventricular leukomalacia (PVL) or ventriculomegaly. The diagnosis of ventriculomegaly was made when it was reported on the late sonograms, performed at a postnatal age of 42 days or beyond, in infants without grade III to IV IVH. Systemic hypotension was defined as mean blood pressure lower than GA. Necrotizing enterocolitis was diagnosed clinically according to Bell's criteria (Xstage II), during exploratory laparotomy, or from autopsy reports. Bronchopulmonary pulmonary dysplasia was defined as the requirement for supplemental oxygen at 36 weeks' postmenstrual age. Late onset sepsis was defined as clinical sepsis confirmed by a positive blood culture after the third day of life. We defined metabolic acidemia as pH<7.30 associated with a normal PCO 2 and a serum bicarbonate <19 meq l À1 .
ND follow-up
Serial neurological evaluations were performed at 4, 8 and 12 to 18 months' corrected age. CP was diagnosed when abnormal movement and posture impeded normal neuromotor function.
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Infants were also evaluated at 12 to 18 months' corrected age using the revised Bayley Scales of Infant and Toddler Development II or III (Bayley-II/III). Bayley-II 12 was used until it was replaced by Bayley-III 13 in January 2005. With Bayley-II, mental developmental index and psychomotor developmental index (PDI) were determined. Similarly, cognitive scores, language scores and motor scores were determined using Bayley-III. Mental impairment was defined as mental developmental index<70, or any cognitive or language score <70. Motor impairment was defined as psychomotor developmental index<70, or motor score <70.
Statistical analysis
Categorical data were analyzed using Fisher's exact test. Continuous variables were analyzed using analysis of variance.
Factors with a P<0.05 in bivariate analysis were included for multivariate analysis. The relationships between CH and mortality, mental impairment, motor impairment and CP were assessed using Poisson regression. For the outcome of mortality, GA, birth weight<10th percentile, cesarean section, pneumothorax, systemic hypotension during the first 5 postnatal days, late onset sepsis, necrotizing enterocolitis and IVH grade III to IV were included as confounders in the statistical model. For ND outcome, we added supratentorial parenchymal injury, bronchopulmonary pulmonary dysplasia, days of ventilation and days of total parenteral nutrition to the previous factors. Model selection (for mortality and ND outcome) was achieved by sequentially excluding variables such that the Bayesian information criteria of the depleted model was less than that of the prior model by an absolute value >2. Measures of association in Poisson regression are expressed as incidence rate ratio (RR) with a 95% confidence interval.
Results
Among the 1120 preterm infants eligible for the study, 79 infants developed CH. CH was detected at a median (interquartile range) postnatal age of 6 (interquartile range, 3 to 9) days and occurred mostly in infants with GA<25 weeks (Figure 1 ). Table 1 describes the perinatal characteristics of study infants with and without CH. Low GA, birth weight<10th percentile, vaginal delivery, 1-min Apgar score p3 and endotracheal intubation at delivery were all significant perinatal risk factors for CH. In addition, higher postnatal rates of sepsis, metabolic acidemia in the first 2 days of life, systemic hypotension during the first 5 days of life, pneumothoraces and grade III to IV IVH were observed among infants who developed CH. Although mortality was higher in infants who developed CH than in control infants (RR 3.11 and 95% confidence interval (2.09 to 4.63)), this finding was no longer significant (RR 1.26 and 95% confidence interval (0.82 to 1.93)), after adjustment for significant perinatal and postnatal factors.
Among infants who survived NICU stay and who were discharged home, follow-up rates at 12 to 18 months' corrected age were similar (64%) in both the CH and control groups ( Table 2) . Among infants seen at follow-up, those with CH were more immature and suffered more NICU morbidity, including higher incidence of spontaneous gastrointestinal perforation, grade III to IV IVH, late-onset sepsis, bronchopulmonary pulmonary dysplasia and retinopathy of prematurity stage X3. There were no significant differences in the rates of these morbidities or in GA, birth weight and race between infants who were followed and those who were lost to follow-up in either the CH group or the control group (data not shown).
Overall, infants with CH had higher rates of mental and motor impairment, as well as higher CP rates (Table 3 ). Higher rates of impairments (mental, motor or CP) associated with CH were only seen in infants without supratentorial parenchymal injury. When the effect of CH on ND outcome was evaluated after adjusting for all confounding variables, we found that CH injury remained significantly associated with higher mental (RR 3.08 (1.71 to 4.84)) and motor impairment (RR 2.12 (1.12 to 3.45)), but was not associated with higher CP rates (RR 2.09 (0.96 to 4.05)). No significant interaction was observed between supratentorial parenchymal injury and CH. Table 4 summarizes the ND scores of the two editions of Bayley.
The location of hemorrhage in the cerebellum was found to be an important predictor of the type of morbidity. Using Poisson regression analysis, we found that CH that involved the medial cerebellum ('CH with vermis', 32% of all CH) remained significant for all pertinent ND outcomes whereas CH confined to (one or Cerebellar hemorrhage in extremely premature infants MM Zayek et al both) the cerebellar hemisphere(s) ('CH hemisphere only') was associated with a higher mental impairment rate, but not with higher motor impairment or CP rates ( Figure 2 ).
Discussion
In our study, most preterm infants who developed cerebellar hemorrhagic injuries were born before 25 weeks of GA. Hemorrhagic injury to the cerebellum had different neurological implications depending on its location. Infants with hemorrhages that involved the medial and lateral structures of the cerebellum were at high risk for motor and mental disabilities, whereas infants with hemorrhages confined to only the cerebellar hemispheres showed high rates of mental but not motor delay. Contrary to prior reports, we found that CH was not associated with higher mortality. In earlier reports, the diagnosis of CH was made during postmortem examination 14, 15 or during cranial sonograms performed for clinical deterioration. 16 In these studies CH may have been selectively diagnosed only in the sickest of infants. This could explain the suggested association of CH with mortality. Recently, the routine use of cranial sonograms and the use of supplementary sonographic windows focusing on the posterior fossa have resulted in an increased diagnosis of unsuspected CH among clinically stable preterm infants. 17 In our study, very immature infants who died before getting a cranial sonographic exam were not included. It is possible that excluding this group of patients at high risk for CH, although few in number, could have led us to underestimate the risk of mortality with CH. Although CH was not a risk factor for mortality in our study, lower GA, birth weight<10th percentile, systemic hypotension, late onset sepsis and necrotizing enterocolitis were all independent predictors of mortality.
The impact of cerebral damage on ND outcome has been extensively examined. 18, 19 In infants <25 weeks GA, CH may present additional burdens. In these infants, the higher incidence of CH (13%) makes it a more common morbidity than ventriculomegaly (5%) or periventricular leukomalacia (5%), and puts it second only to grade III to IV IVH (20%) (Figure 1 ). In very preterm infants, most CHs were also associated with IVH. Common factors affecting cerebrovascular regulation such as pneumothoracies, systemic hypotension or metabolic acidemia may have triggered both cerebellar and IVH in these patients. The drop in the incidence of hemorrhagic injuries from 22 to 24 weeks of gestation was more remarkable for CH (24 to 6%) than for grade III to IV IVH (25 to 18%) (Figure 1 ), highlighting the heightened risk for CH in the most immature neonate. In addition, this dramatic decline in the incidence of CH compared with IVH with advancing gestation also suggests differences in developmental windows between cerebellar and cerebral germinal matrices. 15 Cerebellar growth is rapid during the second half of fetal life. The volume of the cerebellum increases 5-fold from 24 to 40 weeks of gestation 20 and its surface area increases over 30-fold. 21 Thus, hemorrhagic cerebellar injury occurring during early critical phases of development could lead to severe neurological sequelae. Impeded cerebellar growth has been attributed to prematurity 22 and to the presence of cerebral injury. 22, 23 Allin et al. 24 found that cerebellar volumes, especially the lateral structures of the cerebellum, were smaller in children who were born before 33 weeks of gestation when examined at 8 and 14 years of age.
An interesting finding in Allin's study is that the decrease in the cerebellar hemispheres' volume was correlated with a decline in mental but not motor functions. The motor role of the cerebellum has been well established. 7 Although an important role of the cerebellum in cognitive function has also been suggested, 6 it has been disputed in the adult literature. 25 In spite of this controversy, there is agreement that cerebellar injury occurring during early brain development, 26 such as in extremely preterm infants, may be associated with undesired cognitive, language and behavioral outcome 4 with 3,27 or without 17 major motor involvement. We too found variations in disabilities among our preterm population with CH; while involvement of both the medial and lateral structures of the cerebellum were associated with higher rates of mental and motor impairment and higher rates of CP, involvement of only the lateral structures of the cerebellum were associated with mental impairment without motor delay or CP. These findings should be interpreted cautiously because of the small number of infants (n ¼ 10) with medial cerebellar injury.
An important limitation of our study is the assessment of ND impairments using two different editions of Bayley scales during the study period. Infants were evaluated at 12 to 18 months of corrected age by either Bayley II or III. As both editions were not administered in the same patient simultaneously, we could not directly compare the scores from the two editions. Yet, as a group, the median scores on the mental and motor components in those administered Bayley-III were higher than those tested with Bayley-II, especially in infants with supratentorial parenchymal injury ( Table 4) . Anderson et al. 28 have reported that Bayley-III underestimates the rates of impairment. Thus, including a heterogeneous group of infants tested with either of the two editions could have biased our results. However, in infants without supratentorial parenchymal injury and in the entire study cohort as a whole, the deleterious outcomes associated with CH were evident in infants tested with either edition, suggesting agreement in risk assessment between the two Bayley editions.
Another limitation to our study is the possibility that cranial sonograms may have poor sensitivity in detecting CHs. In preterm newborns <34 weeks GA, Tam et al. 29 found MRI to be a more sensitive imaging modality for CH, with hemorrhagic cerebellar injury found in 10% of their study population by MRI compared with only 2% by cranial sonograms. These CHs identified only on MRI in this study were small (p3 mm), but were associated with abnormal neurological exam at age of 3 to 6 years. 29 In our neonatal unit, during the last 2 years of the study (2007 to 2008), brain MRIs were routinely performed in extremely preterm infants at term equivalent age. With 213 infants examined during this period, 10 cases of CH were identified by MRI, 9 of which were previously identified by cranial sonograms. Thus, it is unlikely that cranial ultrasound imaging missed many cases of CH in our study. The consistent findings between MRI and cranial sonograms could be because of the images obtained through the anterior, posterior and posterolateral fontanels, which may have provided closer and more detailed views of the cerebellar structures. 9 The increased rate of mental impairment in infants with CH could be related to undetected cerebral injuries. Cranial sonograms may miss subtle cerebral injuries. For moderate to severe cerebral damage, cranial ultrasound has been shown to have good sensitivity and specificity, up to 0.86 and 0.99, respectively, for the development of CP. 30 In our study, the incidence of cerebral injury diagnosed by ultrasound was similar to the incidence of moderate to severe cerebral damage (20%) diagnosed by brain MRI in the study by Woodward et al. 18 However, the mild cerebral injury, Depicted data represent the point estimate of the incidence rate ratio with its 95% confidence interval obtained by Poisson regression. 'CH hemisphere only' was associated with mental impairment, while 'CH with vermis' was associated with mental and motor impairment, and cerebral palsy.
reported in 50% of their infants <30 weeks GA, may not be identified on routine cranial sonograms. Nevertheless, it is pertinent to note that the rate of mental impairment in our control infants without supratentorial parenchymal injury was similar to Woodward's mild/none cerebral damage (12%), which is notably different from the mental impairment rate of 45% among our infants with isolated CH. Thus, it is unlikely that the misclassification of any infants with mild cerebral injury would alter our results significantly. In infants without major cerebral damage, mental disabilities due to CH 4 may be related in part to delayed cerebral atrophy secondary to cerebellar injury and to the loss of cerebello-cerebral trophic effects. 31 Mental impairment occurred in 65 out of 533 infants without evident supratentorial parenchymal injury. Of these impaired infants, 14% had isolated CH.
We conclude that CH is an important pathology in the preterm infant. CH should be specifically suspected in the most extremely immature and sick infant. Our data suggests that in addition to its motor function, the cerebellum may have important roles in cognitive development.
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